The power-to-gas (P2G) technology-a promising way to connect power and gas networkswill be widely used in the power-gas-heating integrated system (PGHIS) to promote its operational flexibility. However, the higher operational costs will affect the application of P2G on PGHIS scheduling, which cannot be ignored. In this paper, a PGHIS scheduling model considering the P2G cost and wind power utilization is proposed to analyze the impact of the P2G cost characteristics. First, a PGHIS including P2G is introduced, and different kinds of P2G operational costs are clarified to capture the cost characteristics of the P2G. Then, a multi-objective day-ahead scheduling model of the PGHIS is proposed to coordinate the tradeoff between its operational costs and the wind power utilization. Finally, the ε-constraint and entropy weight methods are used to solve the multi-objective model. The numerical results demonstrate that P2G cost characteristics can significantly affect the day-ahead scheduling of the PGHIS, and the proposed model can effectively achieve a compromise solution.
I. INTRODUCTION
Throughout the world, environmental pollution and climate change have been affected by the use of limited fossil resources. Owing to its clean and sustainable nature, wind energy has great potential to solve energy and environmental issues effectively. However, the uncertainty of generation causes difficulty in wind power utilization, and a large amount of wind power must be curtailed to maintain the balance between supply and consumption of electrical power [1] , [2] .
To overcome this disadvantage, many different methods have been explored for improving wind power utilization. Because of the complementary characteristics between each kind of energy, integrating multiple energy systems, including electrical power, natural gas, and district heating systems is regarded as a promising way to improve the efficiency The associate editor coordinating the review of this manuscript and approving it for publication was Ahmad Elkhateb.
and flexibility for energy utilization [3] - [5] . In the powergas-heating integrated system (PGHIS), power-to-gas (P2G) plants are typically used to convert electrical power into natural gas. Therefore, the surplus wind power that cannot be absorbed by the traditional power system can be converted into natural gas. Furthermore, natural gas can be stored and recovered easily through combustion to generate low-carbon electricity or heat [6] . Thus, P2G equipment can effectively improve the operational flexibility to accommodate fluctuations in the wind power [7] .
In this context, P2G technology and its application have been widely discussed. In [8] , a security-constrained bilevel economic dispatch model for integrated natural gas and electricity systems considering wind power and the P2G process is proposed. In [9] , an energy hub with both power-to-hydrogen and gas-to-power facilities was adopted to accommodate a high penetration of wind power. This energy hub was modeled and integrated into a securityconstrained unit commitment problem. One study focused on the optimal operation of the integrated gas and electrical power system with bi-directional energy conversion, which referred to a gas-fired turbine and P2G [10] . The benefits of P2G for reducing wind power curtailment are addressed. Furthermore, the uncertainties caused by load and renewable generation in the PGHIS were considered in the following studies. In [11] , a multi-period integrated natural gas and electric power system probabilistic optimal power flow model (that includes P2G units), was proposed. Moreover, the effectiveness of the P2G units for accommodating wind power volatility was analyzed. In [12] , stochastic optimal operation was investigated for a micro-PGHIS including carbon-capture-based P2G technology. In [13] , a robust day-ahead scheduling model was proposed to implement the optimal coordinated operation of integrated energy systems, while considering key uncertainties of the power system. The aforementioned studies illustrate that the P2G unit is helpful for enhancing the operational flexibility of the PGHIS, which can effectively improve wind power utilization.
Nonetheless, the high operational costs of P2G will be maintained in the future. Therefore, the P2G cost characteristic has received considerable attention in previous research, particularly the optimal sizing and economic evaluation of P2G. In [14] , a techno-economic analysis of electrolyzer technology was performed with regard to the capacity of the P2G unit. In [15] , a cost-benefit analysis method was employed to determine the optimal capacity of P2G. In [16] , the economic potential of a grid-balancing system based on traditional gas turbine plants with innovative P2G plants was evaluated, which can effectively contribute to reducing the uncertainty of dispatch plans. Furthermore, [17] investigates the economic feasibility of P2G systems and gas storage options for both hydrogen and renewable methane. In [18] , the energy hub concept was used to model and evaluate the economics of P2G. Furthermore, in [19] , the detailed cost characteristics and economic benefits of P2G were introduced in different application scenarios. The aforementioned research illustrates that although P2G can improve the flexibility of the PGHIS, the economy of P2G cannot currently be satisfied. Therefore, it is necessary to consider the operational cost characteristics of P2G when employing P2G in PGHIS scheduling.
Regarding the operational cost of P2G, the electricity demand and requirement of raw materials for P2G comprise as much as 2/3 of the total operating expenses [20] . In [21] , a techno-economic and life cycle assessment of methane production via biogas upgrading and P2G technology is given, where the carbon dioxide (CO 2 ) needed for the P2G plant comes from biogas upgrading plants. CO 2 captured from the air adds $50/MWh of extra levelized cost to synthetic natural gas (SNG) compared with CO 2 supplied from biogas upgrading plants [22] . In addition to the electricity cost, the other operational costs of P2G-particularly the expense of CO 2 -are important. Therefore, the operational cost characteristics of P2G must be clarified.
However, P2G operational costs have not been considered in detail for PGHIS scheduling in previous research. In fact, the wind power utilization and economy of PGHIS scheduling are both affected by the relatively high operational costs of P2G. Compared with the case where the P2G operational costs are not considered, the output of P2G is limited by its high operational costs. Thus, the wind power that is absorbed into the PGHIS by using P2G is reduced, and the total operational costs of the system will also increase. So it is necessary to take the P2G operational costs into account. Based on this, the PGHIS faces a trade-off between wind power utilization and operational economy. Therefore, how to attain a balance is the key issue for using P2G to accommodate more wind power. Accordingly, the main contributions of this paper are threefold.
1) The cost characteristics of P2G are clarified and considered in PGHIS scheduling to address the relationship between P2G and wind power integrated into the PGHIS.
2) A multi-objective day-ahead scheduling model is proposed to coordinate the trade-off between the high operational costs and better effect on accommodating wind power for P2G.
3) The ε-constraint and entropy weight methods are applied to obtain the compromise solution of the multiobjective model, which can be directly implemented in the dispatching scheme.
The remainder of this paper is structured as follows: The cost characteristics of P2G are comprehensively analyzed in Section II. A multi-objective day-ahead scheduling model of the PGHIS considering the P2G operational costs is proposed in Section III. The relationship between the objectives is coordinated by the ε-constraint and entropy weight methods in Section IV. A sample PGHIS is simulated to demonstrate the proposed model in Section V. The work is concluded in Section VI.
II. P2G TECHNOLOGY AND ITS COST CHARACTERISTICS
First, the structure of the PGHIS and the principle of P2G technology are illustrated. Then, to study the influence of the P2G operational costs on PGHIS scheduling, the cost characteristics of P2G are clarified in detail.
A. MODELING OF PGHIS INCLUDING P2G UNIT
The configuration of the PGHIS including a P2G unit is shown in Fig. 1 . The principle of P2G technology is also illustrated in Figure 1 . In this study, the P2G unit is assumed to process electrical power into SNG, which can be directly injected into the gas networks.
The P2G unit can be considered as a controllable load for the electric power system, which can consume excessive fluctuating wind power. It can also be considered as a source of SNG production, which can be stored more conveniently than traditional electrical power. Thus, P2G can effectively improve the operational flexibility of PGHIS to accommodate the fluctuating wind power. The relationship between the produced gas and the consumed electrical power is given as follows:
Here, P p2g p,t and q p2g p,t denote the consumed electrical power and the produced gas in the period t for P2G unit p, η eg and G HHV represent the efficiency of the P2G unit and the higher heating value of SNG(39MJ/m 3 ), respectively.
B. COST CHARACTERISTICS OF P2G
The operational expenditure (OPEX) of the P2G plant is influenced by multiple factors, including (but not limited to) the following [19] :
a. Depreciation and replacement; b. Labor costs; c. Consumption of raw materials (such as water and CO 2 ); d. Electricity consumption; e. Other OPEX related to storage units and ancillary devices
The consumption of raw materials and electricity are the most important components, and account for up to 2/3 of the total OPEX [20] . They are greatly affected by the operational modes of P2G plants, for example market prices, operating hours, and typical daily operational conditions. Therefore, these cost characteristics of P2G must be specially considered.
The electricity cost is related to the power consumption and the marginal cost for each kind of unit, such as a thermal or wind power unit. The consumption of raw materials mainly includes CO 2 and water, due to the cost of water can be negligible compared with other costs, the raw-material costs mainly refer to the costs of CO 2 in this study. The expenses for CO 2 vary significantly depending on its sources, such as carbon capture from ambient air, biogas, or industrial emissions, and range from $10/t to $1,000/t [20] , [23] , [24] .
In conclusion, the operational costs of P2G can be formulated as follows:
Here, C p2g p represents the operational costs of P2G over the entire scheduling period T . C E and C M are the prices of electricity and CO 2 , respectively. α is the coefficient of CO 2 consumption per unit gas production.
III. MULTI-OBJECTIVE DAY-AHEAD SCHEDULING MODEL OF PGHIS
According to the foregoing analysis, the high P2G operational costs influence the wind power utilization and economic benefits of the PGHIS. That is, if the minimum operational costs of the PGHIS are considered as the objective, although the economic benefits can be ensured, it may lead to less output of P2G. Thus, the amount of wind power that can be integrated into the PGHIS by using P2G is reduced. Conversely, if the maximum wind power utilization is chosen as the objective, it may lead to greater outputs and higher operational costs of P2G, and affect the economy of the PGHIS.
Thus, there exists a trade-off between the wind power utilization and the economic benefits of the PGHIS when the P2G operational costs are high. To achieve a balance between them, a multi-objective day-ahead scheduling model is formulated in this section.
A. OBJECTIVE FUNCTION
First, the minimum PGHIS operational costs are selected as one of the objectives (F 1 ), as formulated in (3). To ensure the comprehensive benefits, the objective includes thermal and wind power generation costs, and the production and rawmaterial costs of P2G. The P2G electricity cost is included in the cost of thermal or wind power generation, and the cost of wind power generation is the amount paid to the wind farm by the PGHIS. 
Here, P tu m,t is the power generation of unit m, P wt n,t is the wind power integrated into the PGHIS for wind farm n, and q well w,t is the gas production of well w. Terms a m , b m , c m , C wt n , and C well w are the cost coefficients, and tu , wt , well , and p2g are the sets of thermal units, wind farm, gas well, and P2G, respectively.
To emphasize the impact of P2G on the wind power utilisation, the maximum amount of wind power integrated into the PGHIS is selected as another objective (F 2 ), as follows:
The operational constraints of an electric power system include the power balance equation (5), generation capacity limits (6), ramping rate limits (7), wind power availability constraints (8) , and transmission flow limits (9 
Here, P chp c,t is the power generation of combined-heat-andpower (CHP) unit c, P ij,t and P ij max are the power flow and line capacity of line ij, respectively. Term P load i,t is the electric load at bus i, P e max and P e min are the maximum and minimum generation outputs, respectively, for the thermal units and CHPs. Terms R up e and R down e are their upward and downward ramp rates, respectively. P wf n,t is the predicted wind power, θ ij,t and x ij,t are the differences in the voltage angle and the reactance between bus i and bus j, respectively.
2) NATURAL GAS SYSTEM CONSTRAINTS
The operational constraints for a natural gas system include nodal balance equations (10), well flow capacity limits (11), nodal pressure limits (12) , compressor constraints (13), and pipeline limits (14, 15 
q kl min ≤ q kl,t ≤ q kl max (15) Here, q in s,t and q out s,t are the inflow and outflow gas rates, respectively, of the storage s, q kl,t is the gas flow rate through pipeline kl, q load k,t is the gas load at node k, q gb g,t and q chp c,t are the consumed gas flow rates of gas boiler g and CHP unit c, respectively. Terms ω k,t and ω l,t represent the nodal pressure, β com is the compression factor of the compressor, and C kl is a constant characterizing the pipeline. Terms q kl max and q kl min are the maximum and minimum gas flow rates, respectively, for pipeline kl.
Compared with electrical energy, natural gas can be stored in large quantities by storage facilities. The gas storage constraints include storage balance equations (16) , storage capacity limits (17) , and minimum and maximum injection and withdrawal rate limits (18, 19) . To reserve a margin for the next scheduling period, the gas storage level is set to restore to the initial state after one period, indicating that the amount of inflows equals the amount of outflows during each scheduling period (20 
Here, S s,t is the storage volume of gas storage facility s, S s min and S s max are the minimum and maximum storage capacities, respectively, q in s max and q out s max are the maximum injection and withdrawal storage rates, respectively.
3) HEATING SYSTEM CONSTRAINTS
Because the heat production cannot be transmitted over a long distance, the heating network constraints are not considered in this paper. Thus, only the heat balance equation (21) 
4) COUPLING SYSTEM CONSTRAINTS
The relationship between the power and heat outputs of the CHPs is given by (22) , and the relationship between the gas consumed and the power produced by the CHPs and gas boilers are given by (23, 24) . The P2G units, CHPs, and gas boilers are constrained by their capacities (25) (26) (27) . 
IV. MULTI-OBJECTIVE SOLUTION METHOD
The ε-constraint method [25] is employed in this study to transform the multi-objective problem into a series of singleobjective nonlinear programming (NLP) problems, which can be directly solved using the existing solution method.
Accordingly, the Pareto frontier in the objective-function space can be obtained. According to the Pareto-optimal solution set, the entropy weight method is used to calculate the weight of each objective function [26] , [27] . Thus, the subjectivity for a human determining the weight of each objective can be avoided. The procedure of calculating the entropy weight is as follows:
First, the trapezoidal function is chosen as the fuzzy membership functions of two objectives, which range from zero to one. When the membership is close to one, the corresponding objective function tends to the optimal solution. Therefore, this membership can reflect the optimizing degree of each objective function. The fuzzy membership of the i th objective function, which corresponds to the j th Pareto-optimal solution, can be expressed as follows:
Here, m is the number of solutions on the Pareto frontier, F ij is the value of the i th objective function (which corresponds to the j th Pareto-optimal solution), F i max and F i min are the maximum and minimum of the i th objective function on the Pareto frontier, respectively. Second, the value of the entropy weight is determined by the difference degree of various solutions in this objective. This value represents the amount of information provided by this objective. The entropy weight is calculated as follows: (29) Here, p ij is the specific weight of the j th Pareto-optimal solution in the i th objective function, e i represents the entropy value for the i th objective function, and ω i is the entropy weight of the i th objective function. Apparently,
Finally, the degree of comprehensive optimization for the j th Pareto-optimal solution can be determined by calculating the weighted sum of the membership, which is expressed as follows:
Clearly, the maximum value of λ j among all the Paretooptimal solutions is the comprehensive compromised optimal solution obtained by the coordinated optimization of two objective functions, which can be employed for the decisionmaking in system operation (30) .
V. CASE STUDIES
The proposed PGHIS scheduling model is solved in the General Algebraic Modeling System (GAMS) by the NLP solver CONOPT. All studies are implemented on an ordinary 64-bit computer with a 2.40-GHz CPU and 8 GB of memory.
A. SYSTEM DESCRIPTION
To illustrate the method proposed in this paper, an IEEE 24-bus electric power system, a Belgian high-calorific 20-node natural gas system [28] , and four 8-node heating systems [29] are integrated to establish the simulation system for a case study. A schematic of the simulation system is presented in Fig. 2 . In this system, the electrical power network has four CHP units, four thermal units, and two hydro units. The gas system has two wells and one storage. The heating system has four CHPs and four gas boilers.
In addition, a wind farm with a rated power of 1,000 MW is connected to the electric power system at bus 8. A P2G unit with a rated power of 400 MW is deployed near the wind farm and is integrated with the gas system at the Blaregnies node 'Peronnes', which is connected to the gas storage. The coefficient of CO2 consumption per unit gas production (α) is set as 0.2 t/MWh [30] .
For this case study, the electric, heat, and gas hourly loads are depicted in Fig. 3 . The wind power integrated into the PGHIS is also shown in Figure 3 . According to the day-ahead prediction, the total available wind energy is 11,372.96 MWh.
For clear comparison and analysis, the following four cases are considered.
Case 0: The objective is minimum system operation costs without P2G in the PGHIS. 
Case 1:
The objective is minimum system operation costs with P2G in the PGHIS.
Case 2: Both the system operation costs and wind power utilization are considered (multi-objective) with P2G in the PGHIS.
Case 3: The objective is the maximum wind power utilization with P2G in the PGHIS.
B. SENSITIVITY ANALYSIS OF P2G OPERATION COSTS
To analyze the cost characteristic of P2G, cases 0 and 1 are calculated and compared in this subsection. In Case 0, F 1 is $2.5455 * 10 6 , and F 2 is 8,188.58 MWh, 28.00% wind power is curtailed in this case due to the limited operation flexibility.
In Case 1, when the price of CO 2 (C M ) ranges from $10/t to $1,000/t, different raw-material cost coefficients of P2G (αC M ) are set to illustrate their effect on the PGHIS scheduling.
As shown in Fig. 4 , when αC M is set as 0, F 1 = $2.5156 * 10 6 , and F 2 = 11, 155.33 MWh. Because of the low operation cost, P2G can be utilized effectively, which means that the flexibility of the PGHIS can be ensured. Therefore, the wind power can be sufficiently accommodated, and only minor wind power curtailment is produced (approximately 1.91%). This is because the wind power is limited by the PGHIS capacity, such as line congestion. Compared with Case 0, P2G can significantly increase the amount of wind power that can be integrated into the PGHIS and reduce the total operational costs.
As αC M increases, F 2 gradually decreases, because the outputs of P2G are limited by its higher operation costs, while F 1 gradually increases. Compared with Case 0, P2G is beneficial to the PGHIS scheduling, but its effect is limited by the operational costs. Furthermore, when αC M exceeds $21/MWh, the P2G unit does not start, because it is uneconomical to accommodate the wind power. By this time, F 2 is fixed at 8,188.58 MWh, which is the same as Case 0.
According to the above analysis, the wind power utilisation and operational economy of the PGHIS are affected by the operational costs of P2G. Moreover, the results indicate that, owing to the high operation cost of P2G, the wind power utilisation conflicts with the operational economy of the PGHIS. Therefore, to ensure the benefit for both the wind farm and the PGHIS, it is necessary to reach an optimal balance between the wind power utilisation and the operational economy of the PGHIS.
C. ANALYSIS OF EFFECT OF P2G UNITS
To clarify the effect of P2G, Cases 1, 2, and 3 are implemented with αC M set as $15/MWh. The optimal operation results for each equipment in the different cases are calculated. For a clear comparison, the effect analysis is divided into three parts according to the different kinds of equipment.
The operation results are shown in Figs. 5-7. According to these results, the optimization operation of the PHGIS can be divided into two time periods: night (1h-7h, 23h-24h) and daytime (8h-22h), which can be used to illustrate the following. 
1) EFFECT OF P2G ON GAS STORAGE
First, the effect of P2G on the gas storage is analyzed. The output of P2G and the state of the gas storage are shown in Fig. 5 .
As shown in Fig. 5 , P2G only starts at night and stops during the daytime, because the surplus wind power only appears at night in this case. The outputs of P2G gradually increase during night from Case 1 to Case 3. With the increase of the gas converted by P2G, an increasing amount of gas is stored. Owing to the constraint (20), more gas is released from storage during the daytime from Case 1 to Case 3.
2) EFFECT OF P2G ON GAS-CONSUMING UNITS: CHPS AND GAS BOILERS
Next, the operation situation of the CHPs and gas boilers are clarified to examine the effect of P2G on the gas-consuming equipment, because the gas transformed from P2G affects the traditional supply and demand of the gas system. The operation results for the CHPs and gas boilers are shown in Fig. 6 .
As shown in Fig. 6(a) , from Case 1 to Case 3, more gas is delivered to the CHPs to feed the power peak during the periods of 9h-13h and 19h-21h. Furthermore, compared with Fig. 5(b) , this part of the gas is mainly extracted from storage.
Owing to the electro-thermal coupling relationship of the CHPs, the heat loads are mainly fed with CHPs during daytime, while gas boilers are dispatched less according to the heat balance constraint (21) , as shown in Fig. 6(b) . In contrast, the CHPs stop at night because of the relatively low power demand. Thus, the heat loads are completely fed with gas boilers at this time.
3) EFFECT OF P2G ON WIND FARM AND THERMAL UNITS
The wind power utilisation differs for each operation objective because of the changing P2G operation situation. Owing to the effect of gas transformed from P2G, the change of the CHP affects the traditional thermal unit during daytime. The operation results for the wind farm and thermal units are shown in Fig. 7 .
As shown in Fig. 7(a) , owing to the increasing P2G outputs, the wind power utilisation increases during night from Case 1 to Case 3. Thus, the wind power curtailment is reduced when P2G is reasonably considered in the PGHIS scheduling.
With the gradual increase of the outputs of the CHPs, the outputs of the thermal units gradually decrease, as shown in Fig. 7(b) . This is because in the case of using the gas transformed from P2G at night, the operation of the CHP is more economical than that of the thermal units in daytime.
Finally, to clarify the difference between each case further, the values of two objective functions are calculated, as shown in Table 1 .
In Table 1 , the percentage represents the rate of wind power utilisation. It can be seen that compared with Case 1, the amount of wind power that can be integrated into the PGHIS in Case 2 increases by 9.52%. Additionally, the total operation costs decrease by $15,500 compared with Case 3. The results indicate that the proposed multi-objective model can effectively ensure economical operation while improving the wind power utilisation. As a compromise solution, the results of Case 2 can be directly employed as the dispatching scheme for system operators.
Overall, the simulation results demonstrate that the proposed multi-objective model can effectively ensure economical operation and improve the flexibility of the PGHIS, while increasing the level of wind power utilisation. Thus, the effectiveness of the proposed method is validated.
VI. CONCLUSION
A multi-objective scheduling model of the PGHIS considering the effect of the P2G cost characteristics is proposed to balance the wind power utilisation and operation economy of the PGHIS. The main conclusions are summarized as follows: First, the cost characteristics of P2G are clarified, and the effects of the higher operation cost of P2G are analyzed. Then, considering P2G in the PGHIS scheduling, a multiobjective day-ahead scheduling model is proposed to coordinate the conflict between higher operation costs and a better effect for accommodating wind power for P2G. Finally, the ε-constraint and entropy weight methods are used to achieve the multi-objective model. The case studies demonstrate that although the operation cost is relatively high, P2G can effectively improve the flexibility of the PGHIS, especially with regard to the decrease of the wind power curtailment. Furthermore, the effectiveness of the proposed method is verified, as it can achieve a trade-off between the wind power utilisation and the economy of the PGHIS. He is currently a Research Associate Professor with Shandong University. His research interests include power system stability, power system control, and power system operation.
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